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‘I%c first block of Ncw Millennium missions includes
three deep-space missions and two or three Earth-
orbiting missions. All arc cxpcctcd  to bc launched
during the three- year period of 1998 to 2000. Each
mission is designed to validate a suite of advanced
technologies jrrdgcd  to bc importanl  enabling C] CUlc.nL$
of NASA’s future  lower-cost yet ambitious space and
Earth scicncc program.

Ikmnrrlaling  the overall plan for these validation
missions -– including the logical ordering of thcm --
-involved the simultarrcous  investigation and evaluation
of several archikxtuml issues such as the nature of Lhc
candidate advanced tmhnologics,  the technology con(cnt
for each mission, the definition of candidate mission
types which could serve as a “test track” for the
tcchnologics,  the duration and nature of the primary and
cx[cndcd  mission phases for each mission, the launch
dates for the missions, assessment of various faclors
related to mission reliability and resiliency, concepts for
mission operations, techniques for validating the
tczhnologics  during the missions, prospects for science
during the missions, launch vchiclc options, synergies
bctwccn Ncw Millennium missions, benefits to future
NASA missions, and various funding profile and
cos[ing  issues.

This paper summarims  how these factors infltrcnccd  the
definition and selection process for the baseline Ncw
Millennium missions, with emphasis on the dczp-space
missions. Sckztcd  factors for the E2wdl-orbiting
missions, some different from those shaping the dccp-
spacc series, arc also highlighted.

NASA’s Ncw Millennium Program (NMP)  rcprcscnts  a
significant departure from the agency’s pas[ mission
strategy in several respects, the most visible being that

it is a highly visible series of technology-driven
missions conncztcd firmly with the vision for NASA’s
space and Earth scicncc mission strategy for the 21 st
ccnturyl’2. A significant majority of NASA’s past,
present and future robotic (non-crcwcd)  missions have
been and arc shaped by the fundamental scicncc
objectives they arc designed to address (thus the tcrrn
‘ scicncc-driven’). The fcw dcdicatcd tczlmology
demonstration missions in NASA’s plans (e.g., Lewis
and Clark) arc not as firmly anchored to NASA’s future
scicncc mission strategy as arc those in the Nhlf’. “1’his
strong strategic linkage combinwi  with a relatively
conswaincd budget for the program leads to several
interesting and challenging mission and systems
architecture issues.

This paper firsl  summaries the kcy factors that shape
the overall boundaries of the NMP, and highlighm  some
of the important mission- and systcrn -lCVC1 trade-offs
that were made by the NMP Architccturc  Dcvc]opmcnt
Team (ADI’)  during the definition phase for the firsl
block of NMP missions. This work was largely
conducted during calendar year 1995, lcd by the author
and ah] y supported by those mcnt ioncd in the
acknowledgments at the cnd of this paper. Ilricf
technical summaries of the NMP missions basclincd  to
date arc also supplied at the cnd to provide the reader
with a first-order sense of what rcsultcxl  from this
process.

In the discussion below, all NMP missions arc
segregated into onc of two catcgorics:  deep-space or
Earth-orbiting. Both categories rcprcscnl  a sub-series of
NI’vfP missions which arc consistent with a set of
mission- and systems-level constraints unique to that
sub-series, jointly defined and agreed to by NASA
}Icadquartcrs  (HQ) and the Jet Propulsion Laboratory
(JP1 .), which has been given responsibility to manage
the program for the agency.



JP1, will bc responsible for implementing all NMP
deep-space missions, in conjunction with a significant
industry partner sclcclcd for each mission. I/or the
Jlarth-orbiting  series, JPL and NASA’s Goddard Space
l;light  Center (GSFC) will share the irnplcmcn(ation
responsibilities, also wilh significant industry
i nvol vcmcnt.

As of n~id-Scptcn~bcr  1995, the first block of three
NMP deep-space missions has been sclcctcd and
basclincd,  whereas only the first Earth-orbiting missiol~
has been basclincd(tcmtativcly),  as of nlid-Dcmnbcr
1995.

Definition work on the dczp-space series bcncfitmd  from
more than tlrrcc  years of concept study work at JPL and
NASA }Icadquartcm  before the ramp-up of the NMP
cfforl  in fal I 1994, so most examples below arc taken
from the Pcrspcclivc  of these missions. Definition of
the first two or three candidate Earth-orbiting NMP
missions started in earnest spring 1995; this work is
still underway and completion is cxpczkxl by early
1996. Where applicable, certain important diffcrcnccs
in the factors shaping the F.arlh-orbiting  mission series
arc highlighted in (his pajwr.

Given this context, the following arc some of the
importaat  issues that the NMP ADI’ had to consider
when formulating the mission plans for the program,

Nahrrc of candidate ad vane.cd tcc.hnologi~

NMP is charlcrcd  by NASA Headquarters to “do the had
things”. The showcase NMP technologies involve
hardware clcmcnts flom most traditional spacecraft
subsystems, space-ba.scd and ground-basrxl  software, ncw
operational methods and tczhniqucs  and innovative
mission, systcm and subsystcm  architectures. Mosl of
the candidate advanced tczhnologics  rcprcscnt  significant
advances beyond the state-of-the-art and thus little if any
in-space cxpcricncc and heritage exists for thcrn.

A more detailed trcatrncnt of the candidate NMP
advanced technologies appears in other papcrs3”4J’G47.
NMP advanced technology lntcgratul  Product
Dcvclopmcnt  Teams (IPDTs)  were formed during the
first half on 1995 to develop technology roadmaps for
the program and to recommend candidate technologies
for the early NhfP missions. The lPDTs arc typically
responsible for providing any technologies sclcctcd for a
given mission, though there arc exceptions. lPIYIs
were fonncd for live discipline judged most likely to
foster the brwk(hrough  technologies [hc program seeks:

● Autonomy
● Micrcdcctronics  Systems
● Communications Systems
● Modular and Multifunctional Systcrns

. Instruments and Microclcctromechanical
Systems (MFiMS)

la late 1995, the last IPD’I’ was split  into two to deal
wi[h the large scope of this discipline area.

‘1’Mhndogy c~n~nt for r.ach mission

I’hc Ncw Millcnniurn  Program Manager at JPL holds
the ultirnatc  decision-making authority on which
advanccxl technologies arc to be designated for a spczi fic
NMP mission. This decision (or set of decisions) is
based upon inputs from the NMP Scicncc Working
Group (SWG), the IPDTs, the ADT, NASA IIQ, and
other collaborating parlncrs  -- plus a fair amount of
cmginccring and programmatic judgment.

Work by all of these groups procccdcd in parallel — not
in series as onc might prefer –– during most of 1995.
This highly fluid environment rnadc the job of the AD-l’
more difficult. To support the early mission definition
work for both the dmp-.spacc and FMh-orbiting  series,
the ADT assumed rcasmablc  advanced tczhnology
placcholdcrs  for each mission, based upon an exlcnsivc
emerging technology data base compiled by the NMP
startup team in fall 1994. As additional detail was
gcncramd  by [hc lPDTs on their tcchrrology  roadrnaps
and the specific advanced technology candidates, the
AIY~ responded by refining the NMP mission models.

Some advanced technology candidates (e.g., solar
electric propulsion as the primary source of AV,
autonomous heliocentric optical-only navigation) were
dccrncd by NASA HQ and the Program Manager to be
‘essential’ for the firsl NM1’ mission, which carried the
added challcngc of setting the tone for the cnlirc
program. Firly decisions such as this at the program
lCVC1 simp]ificd  the ADT’s work by limiting the
number of options.

Definition of candidale.  mission ty.~

The mission profile for each NMP mission is designed
to serve as a %X track” for its designated suite of
advanced tczhnologics  (thus, they become’ tcchnology-
driven’). At the highest lCVC1, the goal is to design a
mission that proves out the advanced technologies and
capabilities in an environment and mission mode that is
similar to the ~ of 21 sl-century scicncc mission(s)
targeted by the suite of technologies. An operating
heuristic for NMP is that each NMP mission should
convince a future scicncc  mission manager or principal
investigator that the advanced technologies arc ready for
L]SC  on their mission without an inordinate amount of
tailoring and requalifying. Validating thcm at the
mission and systcm lCVCI  is importanl.



For a mrrcstrial  analogy, if a company wan~ to
convince future customers that the ncw fcalurcs of a
heavy-duty pickup arc desirable, they do nol just run it
around an oval tcsl track for several weeks – they take
it to a rugged off-road site and run it hard there, too,
wilh the intent of shaking out the weak links in the
systcm  design. ‘l%cy also put it through a series of
focuscxl tests and demonstrations which rcplicatc as
C1OSC1Y as possible the various ways the truck might bc
used day-to-day by the targeted customers. This
philosophy is similar 10 that employed in many
acrospacc disciplines as WCII  as in the computer and
ccmsumcr  electronics fields. Each NMF’ mission could
thcrcforc be viewed as a ‘beta tester’ for the advanced
technologies.

For many tcchnologics,  simply getting thcm into the
integrated space environment (vacuum, zxm-g, radiation,
thermal, dust/particle, operational) for durations of
several weeks to a fcw years rcprcscnts an adequate
validation of their key attributes. But, particularly for
the NM1’ dczp-space missions, NASA HQ imposed the
additional constraint lhal they must “go somcwhcrc and
do somcthirrg  interesting”, cffcctivcly  ruling out an
olhcrwisc  adcxquatc mission profile that simply placed a
high-tech vchic]c on an Earth-cscapc  trajectory to
nowhc.rc.

At Lhc olhcr cxtrcrnc, some high-priority tcchno]ogics
require a fairly specific mission profile or scqucncc  in
order to put thcm through their paces, similar to what is
required for mission-specific fly-off validations of
advanced aircraft and missiles. For example, validation
of an autonomous target flyby imaging capability
dcrnands at least onc target -- such as a near-Earth
asteroid or a conlct — and a flyby Lrajcctory. The
trajcdory  must satisfy at least some basic gcomclric
constrain~  (flyby distance, approach phase solar
illumination, etc.), and if the imagcr  itself is also an
advanced technology, then spwitic  rcquircmcrrts  on Lhc
nature of the targcl (size, altwdo, spectral characteristics)
may also be imposed. In some cases, several advanced
technologies must be dcrnonstratcd together at the
systcm lCVCI 10 salisfy the validation objcdivcs,  in
which case additional mission profile and/or sequencing
constraints might bc warranted.

Missicm  r~liabiljlv and rcsilicncv

Many of the technologies on a given NMP mission arc
designated to be the only source of an important
function on the spacccrafl,  such as on-board computing,
telecommunications or main propulsion. l’hc rc.suit is
that each NMP mission takes on a fair dcgrcc of risk by
implcnmnting  several brand-new technologies into a
(typically) single-string design. The mission and
systems architecture for each candidate NMI’ mission
musl accommodate the interfaces and nuances of each

advancul  tczhnology while carefully balancing their
inherent risks. With several advanced technologies on
each mission, this is a challcngc.

Withoul going inlo detail here, some of the hcuris[ics
and tcchniquc,s used to rnitigatc  mission and
programmatic risk and to provide some flexibility
include:

.

.

.

●

✎

✎

✎

●

✎

Avoiding over-optimization of anything
Gct[ing  early program commitments and
decisions, including multiple readiness
gates for the advanced tcxhnologics
Categorizing some technologies as
“cxpcrirncmts”  and making thcm stand-
alone clcmcnts of the systcm design
investigating and articulating technology
and mission dcscopc options
Designing in graceful degradation and
functional nxhrndancy
Designing healthy margins into
subsystun designs and mission profiles
Identifying multiple launch windows and
m ultiplc  candidate targets
Careful planning and execution of lhc
ground-ba.scd  dcrnonstra[ion  and test
program
Bookkeeping adequate dcvclopmcnt  cost
and schtiulc  rcscr+x

1.aunch dales-—- —. .-— . .

Among several othcl  high-level objcctivcs,  NMP is
chartcrcd to continue pushing NASA into the ‘faster,
bct[cr, chcapcr’ mode. of business. Early program
guidelines from NASA HQ callcxl for a first NMP
launch (a deep-space mission) no later than 2-3 years
from the starl  of the program, with subsequent dccp-
spacc launches approxi matcl  y each year thcrcaftcr. ‘1 ‘hc
Mrlicst  achievable launch dates were set primarily by
the cxpcctcd NMP funding profile for the first fcw
years, the earliest readiness dates of the candidate
advancd  technologies, and the cxpcckxl readiness dates
of the candidalc launch vchiclcs, many of which were
ncw configumtions.  With these factors in mind, a first
NMP launch in late 1997 or early 1998 was baseline.d.
l’hc start of the proposed Earth-orbiting series — also
on approximate one-year centers -- was dcfcrrcd  to late
1998 duc to the later start-up for this component of the
program and twcausc of funding profile restrictions.

At least onc deep-space mission is actually a
piggybacked payload on another schcdulcd NASA
scicncc mission: tlm NMP Microprobcs  on the. Mars
Surveyor Program’s 1998 lander mission. For this
NMP mission (SCC more below), the launch date is, of
course, sc.t by the host mission.
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in a similar vein, 10 satisfy sclcctcd validation
objcctivcs,  as dcscribcd later, some of the NMP I{arth-
orbiting missions may bc dcsigmxi  10 rcndc~vous
alongside anoihcr Emlh-observing spacecraft. In sL]ch
scenarios, the launch dates for the NMP missions must
bc correlated with the planned operational missions for
the other spacczmfl.

Dllration and natprc of Drimarv  and cxlx~s~n
pilm

The primary mission phase of each NMP mission
comprises the rcqtrircd  mission activities for that
mission. Where appropriate, car] y tczhnology
validation is desired during each mission to ensure rapid
feedback to the technical community and prompt
technology infusion into subswprcnt  NMP missions and
inlo  other planned NASA scicncc missions. Shorlcr
mission durations arc also desired to help minimize the
life-cycle cost of the NMP. Desired primary mission
duralions  for ciccp-space missions arc typically 1-3
years, whereas the Earth-orbiting durations are typically
6 months to a year.

Each NM1’ mission is also inccntivizcd  to attempt bold
validation objectives during cxtcnqcd  mission
operations, in the way that Magellm dc.monstratcd
acrobraking  at Venus after completion of its primary
mapping mission. (Recall that the entire spacecraft was
sacrificed at lhc cnd to acquire onc last important set of
a!mosphcric  validation data.) This phase will bc used to
conduct particularly risky technology validation
operations (such as purposely injecting faults into the
system 10 evahralc selected fault protection routines) aa(i
to pusil  the cnvclopc a bit farther for many of the
wchnologics.  Novel operations modes may aiso bc
attcmpicd  during this phase, such as krrning  mission
operations over to students.

NASA has already initiakd  an agency-wide effort to
rcducc the costs associated with operating its deep-space
and Earth-orbiting missions. Imwcr-cost  operations
wili bc essential in the fulurc  as increasing numbers of
capable missions in the ‘faster, bctjcr, chcapcr’ mode arc
iaunchcd  and more are in their operational phmes
simultaneously.

At a high lCVC1, the vision for mission operations in tile
time frame of 2010 and beyond includes more frequent
launches (pcrilaps  onc or more scicncc missions pcr
month), icss frequent tracking of individual spacccraf(,
iligi]cr-level commanding and tcicmctry,  and a
proliferation of ncw mission arci]itccturcs involving
smali spacxxraft,  constellations and networks. More
emphasis wili bc placed on using operational standards
and protocois,  statistical management of the spacccraf[

ficct, and a move away from cuslom-designed,
cxpcnsivc  enc.-of-a-kind systems.

NMP wili contribute to ti~is  transition by
dcmoastrating  and validating --- probably in WC]]
defined steps - scvcrai  ncw capabilities nccdcd  to enable
this vision: a spcctrrrm of onboard and ground-based
autonomy (including fully autonomous vcilicics),
onboard data editing and assessment, goai-dircckxi
commanding, event-driven sequencing, and “beacon
mode” tcicmctry, to name a few. The latler capabiiit  y
refers to the notion of sending only a specific tone to
ti~c F2irth  (rather than tcicmcwy data) wilich  summarizes
tile ovcraii stalus  of the spacecraft, onc tone migilt
mean, “I’m fine, icavc mc aionc”, whereas another
would mean, “i had a subsystcm problcm yesterday and
ilavc been unable to resolve it, so please scheduic a
couple of tclcmc[ry passes in the next week and I’ll send
an cnginccring  summary to you”.

Ail NMP missions will bc designed to contribute to the
realization of this vision. For some, day-to-day
operations will be conducted under a ncw paradigm,
wilcrcas others migilt  inclrrdc tile demonstration of a
Iww operations tc.chniquc or process as an cxpcrimcnt
during a Smaii fraction of its mission. ‘i’hc  Cila]lcngc  is
to iacorpora(c these plains into tile larger campaign of
validating muitiplc  acivanccd  tcchnologics,  each of
wilicil i~as specific operational rcquircmcrus.

Y&rl.idati@r (Cdmiqrx$

Ali NMP advanced tccimologics  must bc a)
breakthrough in scope, b) a iligil  priority for the scicncc
missions of the 21st century, and c) in need of spacc-
bascd validation]’2. Arriving at a crisp definition of ti]c
iast criteria has been an elusive endeavor for ihc NMP
team. Wc now rcaiizc that each tccimology  is unique
and thus no onc definition works for ali. As mcn[ioncd
above, some tecimoiogics  jusl need to bc opcratd in Lhc
integrated space environment for a certain duration.
C)ti]crs  ncd to bc functionally demonstrated at the
mission and systcm  icvcl, pcrilaps  aiong  witi] several
otilcrs or singly as part of a specific operational
scqucncc. Eacil technology is different, and each
mission is different. Validation of sornc ~pabiii~ic~
(vs. tcchnologics)  may re~rrirc phased validation over
several NMP missions.

Pi)iiosopilicaliy,  NMP intends 10 approach the
chalicngc of using these largely untried advanced
tcchnoiogics  head-on: in most cases, no ‘conventional
backup’ tczimology  wiii bc inciudcd  as a crutci~  in case
ti)c brcakti]rougi]  technology faiis  or degrades. Thus,
tile team’s efforts (and avaiiablc  rcsourccs)  wiil be
focused on learning as much as possible about the ncw
tccimoiogics  and figuring out how to make thcm work
in a real systcm in a realistic operational environment.
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in fact, NASA HQ’s guidelines for NM}’ slam that the
attainment of the technology validation objectives take
prcccdcncc  over nlission  risk reduction, in cffcc~
providing a liccnsc for this gutsy approach. For the
first  NM1’ deep-space mission, 90% of the mission
objcztivcs  arc focused on acquiring validation data; the
remaining 1 O% relate to acquiring scicncc data (see
below).

Particular attention will bc paid to understanding the
functional redundancies in each systcm, since most will
bc single-string designs. For specific high-risk design
features, selected block redundancy may k used to
assure validation rcquircmcnts  arc met.

For the first deep-space mission, the mission objectives
include a possible 10% ‘extra credit’ beyond the baseline
100 should lhc ambitious cxtcndcd mission prove
Successful .

Tcchnologisbs  affiliated with each tcchrrology  will
demand thal a minimum engineering data set M rclurnc.d
to Lhc ground for analysis. Some tcchno]ogics  will
impose rcquircmcnts on the systcm to provide
indcpcndcnt  validation or calibration data to confirm
proper performance. For example, validation of the
autonomous onboard op[ical-only  heliocentric
navigation capability planned for the first dccpspacc
mission may WC]] rely on occasional radio-based
navigation passes for an indcpcndcnt check. 1,ittlc if
any of the validation data needs to bc rctrrrncd  and
analyzed immediately; this lends some flexibility to the
mission crlginccrs  and allows Lhcm to push back on
typical scicncc mission requirements for higher
tclcrnclry dala rates and frequent tracking passes.

The NMP Earth-orbiling missions have to satisfy a
special validation rcquircmcnt  that strongly shapes the
mission and systcm designs: ensuring instrument data
continuity. What [his means is that each NMP Iiarth-
orbiting advanced instrument technology (which is the
focus of the NMP Earth-orbiting series) must bc
compared to whatever ils analog is the existing suite, of
Earth-observing instruments and mcasurcmcnts.  The
scicncc data performance of the ncw in.wrumcnt must bc
as good or better than the old, otherwise it is dccmcd
USCICSS.  The rationale for this constraint is that most of
the F~rdl observation models — now quite malurc and
sopbis[icatcxt  — utilize years if not dcxadcs of prcziscly
calibrated scicncc data as inputs. Any introduction of
advanced technology must assure that the quality of
these data streams is maintainwl.  It is this requirement
which leads to the concept of co-orbiting the NMP
spacccmft with another F.arth-observing spacecraft,
taking the same lypc of data at the same time for
subseqrcrrl direct comparison.

In all cases for the NMP advanced tcchnologics,
thorough ground-based testing and validation will bc.
conducted -- also at the sys[cm  lCVCI - to verify the
systcm design and to cnhancc confidence that the
te.chnologics  will work in the space cnvironmcrrt.

Prospc<l——.. s for ~.icnx

The Ncw Millennium mm is fundan~cnhlly  driven
by the vision for NASA space and Earlh scicncc
missions in the 21st century. This view of the future
helps to prioritize which capabilities and associated
advanced technologies ncxxl  to bc validated. This dots
not rncan, as stated above, that each NMP mission is
scicncc-driven.

Ncvcrthclcss,  the NMP charge to “go somewhere and do
something in[crcsting”  combined with the goal of
convincing future scicncc mission principals that the
advanced technologies do indeed work provides the
opportunely to conduct some relevant and mc-aningful
scicncc  during each NMP mission, In fact, returning
real scicncc data is a sure way to prove that an advanced
prototypical scicncc instrument works (or docsn’~!)  as
intended, for instance. A similar argumcnl  can bc made
to supporl  the validation of an advanced operational
technique or novel systcm architccturc:  if good scicncc
can bc acquired while using it, it’s probably a good
conccp[.

l’bus, each NM1’ mission will include a scicncc
componcn[.  The twist here is that the scicncc supports
the validation objcctivcs;  it is not allowed 10 drive the
mission and systcm designs to the dcgrcc that scicncc
drives most OlhCr NASA missions. l’his  is especially
true for the NMP deep-space missions. A case in point:
for the first deep-space mission, the NMP Science
Working Group supporlcd  the ADT cxtcnsivcly  in the
trades about whether to send the spacccraf~ on a flyby to
an asteroid and comcl (the selcctcd  baseline mission
profile) vs. an asteroid rendezvous or comet rcndcz.vous
(both rcjczlcd options). }Iowcvcr,  with the baseline
dual-flyby profile sclcctcd, the SWG has played a
minimal role in deciding which asteroids and comets to
target; these decisions –- still pending --- will largely
bc made by the mission cnginccrs  and lcchnologists,
with nominal supporl  from a mission scientist and
associated scicncc advisory group.

It is cxpcctcd  that for the NMP Earlh-orbiting missions
a greater volume of usable science data will bc returned
from each mission duc to the scvcrc constraints on data
continuity dcscribcd in the previous subsection.

NMP funding profile considerations drive all launch
vchiclc decisions toward the smaller end. Smallcr  is
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Icss expensive — as long as you don’t go overboard
trying to force-fit the spacecraft into the smal Icr fairinx.
3’I)c NMP charlcr of enabling NASA’s vision of flcc[s
of small, capable spacecraft also drives the launch
vchiclc size the srrmc direction: it would appear
hypocritical to launch a single NMP spacecraft on onc
of the largcsl  available launchers, for cxarnplc, even if
affordable. ~“his  is an image thing. For this latlcr,
more subjcclivc  considcralion,  guidance was supplied by
NASA HQ: try to stay on the lower cnd of the
medium-class vchiclcs,  or smaller.

Onc significant, early NMP programmatic
accomplishment was the agrccmcnt  bctwccn NASA 1 IQ
and JPI./NMP to baseline life-cycle costing for Lhc
program. This means that the costs of the spacccraf[
(including advanced tcchnologics),  launch vchiclc  and
operations for each mission –– and indeed across
missions --- can bc freely traded with the intent of
maximizing tmrefit  for minimum cost. l’hc constraint
to be satisfied is that the annual (fiscal) NMP costs --
as a pQgm — musl  not cxcccd the cxpcmd  budget.
Thus, for example, saving on launch vchiclc costs
directly adds to the pool of funds for advanced
technology dcvclopmcnt,  spacecraft. and opcrtuions.
This policy enhances incentives to bias launch vchiclc
sclcc[ions  to the smaller end.

lJnforlunatcly,  1995 was a dismal year for the U.S.
small launch vchiclc  comrnunily. l“hrcc of four
aucmpts  failed. The situation for NMP is that many of
lhc candidate launch vchiclcs for the early missions arc
either existing yet unproven designs (due to failure) or
ncw designs. This siluation  adds some unwanted risk to
the early NMP mission dcvclopmcnt  schcdulcs,  but the
long-term view remains promising. In several cases
other customers -— inchrding NASA — arc committed
to usc these vchiclcs or related configurations before the
cxpcclcd NMP launches.

~~gics bctw ccn NMP missio~

I’hc “P” in NMP suggcsls  an integrated series of
missions. The NMP ADT was formed primarily to
address this issue. The challcrrgc is to not only define
the corrccl  mix c~f individual missions, but also to put
thcm in some sort of logical order, weighing all of the
kcy constraints and issues outlined in this paper.

Though the baseline missions in the first NMP block
arc distinctly different from each other (cspczially  the
deep-space missions), some definable factors can be used
to logically connwt thcm to each other and order thcm
in some rational way. Many of these factors have bccIL
briefly addressed above, such as:

● Relative priorities of nczdcd capabilities
and tczhnok)gics

.

●

●

✎

●

✎

●

●

●

✎

Expcctcd readiness dates of the advanced
technology candidates
Expczlcd NMP funding profile, especially
the ramp-up phase
1,atcst  acceptable firsl launch date, and
other non-technical factors
Anticipated launch frequency for th~ dccp-
spacc and Earth-orbiting series
Validation approach for the advanced
tczhnologics/capabilities, especially those
needing phased validation
Commonality bctwccn missions
(archilwturc, mission type, hardware,
software, etc.)
1.aunch windows (for meeting small-body
tar&?,cL$  or co-orbiting with other
sp.acccrafl)
Iixlwtcd  rcadinms dates of the candidate
]aunch  vchiclcs
Conscqucnccs  of mission faihrrc  al the
program lCVCI (the ‘ripple effect’)
Desires of kcy stakcholdcrs  (NASA,
industrial par’hers, academia: scicncc
community, public. etc.)

I)crlcfiLs  to fu[urc NASA missions

NhIP’s focus is on lhc longer term, say 2005 and
beyond. It is targeted to primarily address the cxpcctcd
kcy challenges -- the ‘tall tent POICS’ -- associated
wilh missions anticipated for this period, and to enable
man y of the nccdcd capabilities. Though the general
nature of scicncc missions planned for 2005 and beyond
is understood (more srnallcr  spacccraf(, networks,
focused scicncc, etc.), the details have ycl to bc
articulated. It is thcrcforc difficult to shape the NM}’
missions directly by responding to dctaikxt mission and
systcm rcquiremcnLs  passed down from these fu[urc
missions, bccausc they simply don’t exist,

I’hc alternate approach adopted by the program is to
intcrac[ regularly with the NMP SWG and the various
experts in the advancti  technology community to bttcr
understand a) the types of missions wc most likely will
want to do, b) the reasons why wc can’t do thcm now
(typically kecausc of technical gaps or bccausc of the
estimated cxpcnsc, or both), and c) what likely advanced
technologies might provide the nccdcd capabilities at
acceptable cost.

As anyone familiar with the advanced technology world
might expect, there arc always ten tirncs more candidate
advanced technologies to pursue than available funding
will allow. I~or NMP, this simp]c fact means that
broad applicability to future missions is onc important
filter to usc when dowsclccting  Lhc advanced technology
]ist. q’his is not the On]y filter,  but ccrlainly  One. It
has not been applied universal 1 y, however. For
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instance, a high priority for NMP is to dcmonslratc  and
enable sc]cclcd spacobmed  intcrferomctc.r  technologies.
Few of these capabilities arc dirccdy applicable to other
mission types, so the broad applicability filter was not
applied to them; the higher objective of getting into the
space-based intcrfcrornctry  was j udgcd to be more
important at tlrc program level.

The NMP Earlh-orbiting  missions arc specifically
connected with an existing NASA Program: the Earth
Observing Systcm (EOS). NMP is treated by I?OS
Program managcrx as the advanced technology
dcvclopmcnt  arm for their program --- bul only for ECN
missions targeted to launch in about 2002 and beyond,
and chiefly in the advanced insmrmcnt  technology area.
Detailed plans for this phase of EOS arc currently under
review.

11 maybe that sornc of the original plans for
continuation of large, multi-instrument platforms WCII
into the early dccadcs  of the next century will bc
scrappxt  in favor of’ small-satclli[c-based mission
architcctrrrcs.  Should this be the case, NMP would
likely make a more direct contribution to JOS  by virhlc
of its focus in this area.

What about benefits to nearer-term NASA missions
already on the books? NMP’s policy is to attcm])t as
much as possible 10 enhance Lhcsc missions with
infusions of NMP-validated advanced technologies –
oflcn via joint collaborations — but to not allow these
near-term missions and their needs drive the content of
the program. NMP is not viewed as the enabling
technology dcvclopmcnl  arm of an y near-term mission,
though fruitful collaborations arc underway between
NMP and the Mars Exploration Program, Discovery
Program, Pluto Express, and others. NMP is also
engaged in active, collaborations with the U.S. Air
force/Phillips Laboratory and the Ballistic Missile
Defense Organization (BMDO) in several areas,
ProducLs from these efforts will likely cnhancc sclcctcd
near-term projects in these organi~ations.

IitdM-nd  CON inrz isw

Another interesting factor that had to be seriously
worked into the first block of missions was the
implications of the NMP funding ramp-up. Funding
for the first two years of the program (fiscal 1996 and
1997) has been set at 3/5 of that expected for subscqucnl
years. This has been the plan since late 1994 when
NMP was in its early planning stages. ‘1’hc  ADT
concluded early in its mission definition efforts that this
profile would likely force the progiam to scale back on
the scope of lhc second deep-space mission, The result
is that this mission is a piggyback-class mission ratlwr
than one involving a dedicated launch,

Another kcy clcmcnt  of the mission definition work is
the issue of co-funding from other non-NMP sources
within NASA as well as non-NASA sources, such as
indwstry an(i the U.S. Air Force. A significant fraction
of the cost for the first deep-space mission will be borne
by these sources, primarily for advanced technology
dcvclopmcnt.

With this discussion in mind, this paper conchrdcs with
a brief high-level description of the currcntl y bascl incd
NMP missions, as of early 1996. All will mature in
coming months and years, and others will be added to
the plan. Consider these descriptions thcrcforc as
snapshots or NMP’s status in this area. None of thcxsc
missions have been assigned a formal name, so they arc
rcfcrrcd to simply as IX 1, 11S2, 1)S3 and HOI, where
1)S and EO stand for “deep-space” and “I~Wth-orbiting”,
respectively. Again, the earliest anticipated launch dates
arc approxi matcl y:

1>S 1 1998 January
1{01 1998 Dcccmber
1>S2 1999 January
1)S3 2000 July

Baseline

l)sl

The first planned deep

)Wg-space  Missim

space mission —- and the first
NMP mission will validate a comple.rncnt  of
advanced tczhnologics nccxlcd by a broad mix of future
NASA scicncc missions: advancti  miniaturized
avionics, miniaturized deep-space telecommunications
equipment, advanced batteries and solar array
technology, one or more pro[otypcx of advanced
miniaturized scicncc inswrmlcnLs  such as imaging
spcctromcters,  and various types of onboard autonomy,
such as that which enables autonomous guidance,
navigation and control. Also slakxl for validation on
this mission is solar  electric propulsion (SEP). One
30-cm-diameter ion thruster will supply the primary
source of thrust for the vehicle, generating thrust Icvcls
of 10 to 100 milli-Newtons depending on the
commandat  setting. Xenon gas is the propellant.

To prove out these technologies, four mission types
were investigated as candidates: a SEP-propelled spiral
from the Earth to lhc Moon, followed by a lunar gravity
assist and a flyby of a near-Ffirth asteroid; a rcndcnous
with a near-Mwth asteroid; a multiple flyby sequcncc  of
a near-F2ulh asteroid and a comc~ and a comet
rcndciwous. For several reasons, the asteroid/comet
flyby profile was uhimatcly  selected. Multiple launch
opportunities in 1998 allow both types of targets to bc
visited within 18 months to two years from launch,
using a Lockhccd-Martin  LMLV-3-class launch vehicle.

i’



IIxtcndcd  mission opportunities exist which incluclc onc
or more additional small-body flybys.

Since very early in the definition phase for this mission
(early October 1995), Spectrum Astro, Inc., from
Gilbcrl,  Arizona,  has been participating as the 1)S 1
industry parincr.

DS2
l’hc sword planned deep-space advanced tczhnology
validation mission seeks to demonstrate prototypical
terrestrial planet micropcrictrator  technologies. A wictc
varicly of fumrc science missions require this
capability. Onc or two of these ‘rnicroprotxs’,
consisting of a very low-mass acroshcll and very low-
mass pcnctrator  systcm, will bc carried to Mars by the
cruise stage of the Mars ’98 lander mission, onc of two
lanncbcs planned (this onc in early 1999) during the
1998-99 Mars window by NASA’s Mars Exploration
Program.

Following a 6- to 10-month cruise, the small syslcms
--- approximately 2 kilograms each — will bc scparakd
from Lhc cruise stage about 10 days from Mars entry.
‘l”hcy arc dcsigncxl to self-orient into (11c proper
atmospheric cnwy angle regardless of cnu-y  intcrfacc
a[titudc. They then ballistically enter and dcsccnd
wilhout parachutes or any olhcr mechanical or
propulsive dcviccs, and rrltimatcly impact the surface of’
Mars at approximately 150 meters pcr second. The
small 1-kilogram micropenclrrrtor punches through the
acroshc]l  and finally comes to a stop about 0.5 rncte.r
below the surface. A small aftbody wi[b a
communications antenna remains on the surface,
conncctcd to the subsurface package by a coaxial cab]c.

The clcrncnls  of the microprobe s~slcm include a sui[c
of highly miniaturized componcnLs nccdcd for most
future rnicropcnctrator  systems: ba[lcrics,  power
electronics, control and data handling microclcctronics,
telecommunications equipment and antenna, etc. For
the NMP demonstration, various options have been
idcntifiul  for the inclusion of a prototype
micminstrumcnt  into the design to demonstrate that the
micropcnctrator  technology indeed has the capability to
acquire and relay a meaningful mcasurcmcn[ to an
orbiling  craft, assumed 10 bc the Mars ’96 orbilcr.

D!s3

The third planned deep-space validation mission is a
three-spacwaft, free-flying intcrfcromctcr  placcxl in solar
orbit --- essentially the same orbit lhc Earth takes
around the Sun each year –-by a single launch. OwinS
to crnploymcnt  of kilometer-long (or longer) baselines,
separated-spacecraft, frccfl ying intcrfcrornctcrs hold the
potential for enabling dramatic breakthroughs in

askophysics by virlrrc of their unparalleled capability
for resolving distant astronomical objcxls. The first
dcmonstratiou  of this observing tcchniqrrc  in space by
NM}’ will place NASA on a path toward using larger,
more sophisticated versions of such ins~rumcnLs  to
dctcc[, image and characterize Earth-like. p]ancts around
other stars in our galaxy.

T’ccbnical challenges to bc taken on by NMP with this
six-month mission inclrrdc faint starlight dcuxtion
(down to 14th magnitude) with two spacecraft; usc of
aclivcly-controlled optics to manipulate and combine
the starlight from the two collector spacecraft in the
combiner spacecraft with 10 nanometer control; usc of a
laser rnctrology  systcm  to prcciscly measure the
starlight path lengths and optical baselines between the
three spacccrafu  usc of a laser-based ‘kilometric optical
gyro’ to measure the overall rotation rates of the thrcc-
spacccraft  constcl  lation during operations; prccisc
stationkccping  for all three spacecraft with control to
the ccntimctcr  ICVC1; and techniques for initializing the
configuration of the constellation following launch
vchic]c separation.

Rasc]inc  Iiardl-orbiting  Mis-

‘1’bough still sorncwhat tentative pending final NASA
I IQ approval, the first NMP Earlh-orbi[ing  mission is
likely to bc a demonstration and validation of an
advanced land imaging capability, targc[ed at proving
out a ncw advanced instrument systcm to replace that
crnploycd  in the Imrdsa(  series. Besides providing the
same data types and bands as those gcncratcd by
l.andsa[,  the prototypical advanced ins[rumcnt may bc
hypcrspxtral. Advanced onboard data handling and
possibly data cditingkduction  capabilities might also
bc dcrnonstratcd,  as might sclcztcd autonomous
operations techniques.

E02. Fi02.

Several promising candidates for these missions have
been idcntit%d,  but they are still undergoing .wudy and
review.

&knQwkdr?mcn~

I’hc author thanks the members of the original NM1’
Architccturc Dcvcloprncnt  Team for all of their hard
work and support during 1995: Marc Rayman,  Rob
1.wk, Doug Caldwcll, Candida Nuncx,  Shawn
Goodman, Jeff 11. Smith, Marty IIcrman, Ralph
Roncoli,  Su Potts (all JPL), Bob Vondra (USAIi
Phillips 1.aboratory,  Albuquerque), and my original
Deputy, Abby IIarpcr  (NASA GSFC). A special
thanks also goes to Fuk Li, Ron Sala~.ar, Ellen Stofan,



b

?

Carol Raymond, Mike Gunson, Victor Zlotniki,  Ross
Jones and Barbara Wilson (all JP1,),  and current AD”]’
Deputy, Bryant Cramer (NASA GSF’C).

The research described in this paper was carried out by
the Jcl Propulsion Laboratory, California Inslitu[c  of
‘1’cchnology,  undc.r  a contract with the National
Aeronautics and Space Administration.

1.

2.

3. .

4.

‘i. .

6.

7.

J&fcrcnccs (0.2)

Casani, R K., Wilson, Il. W. and Ridcnoure,  R.
W.; 1996 January 9: The New Millennium
Program: Positioning NASA for Ambitious Space
and Earth Science Missions for the 21s1 Century;
Paper and presentation for the special session on
future space and Earth scicnccs missions at the
Space Technology and Applications International
Forum (STAIF-96), 1996 January 7-11,
Albuquerque, NM.

Casani, E. K., and Wilson, B. W.; 1996 January
17: The New Millennium Program: Technology
Development for (he 21s[ Century; AIAA 34th
Acrospacc Scicnccs Meeting and Exhibit, 1996
January Rcno,  NV, Paper #lAIAA 96-0696.

Alkalai,  L.; 1996 January 17: A 3-D Micro-
Avionics Archilec(ure  for the Ncw Millennium
Program; AIAA 34th Acrospacc  Scicnccs  Mccling
and Exhibit, 1996 January Rcno, NV, Paper
#lAIAA 96-0697.

Hccht,  M.; 1996 January 17: Microins[rumcnfs
and Microelectronrechcm  ical Syslenrs (MEMS) in
Support of Earth and Space Science in the New
Millennium; AIAA 34th Acrospacc  Sciences
Meeting and 13xbibil,  1996 January Rcno, NV,
Paper {IAJAA 96-0698.

Man, G., and Aljabri, A.; 1996 January 17: Rapid
Prototyping  of Autonotnous  GN& C’; AIAA 34th
Acrospacc  Scicnccs  Meeting and Exhibit, 1996
January Reno,  NV, Paper #lAIAA 96-0699.

Rafferty, W., Fujikawa,  G., Pcrko, K., and Rascoc,
D..; 1996 January 17: Small Spacecraft
Telecommunications for the Nex( Millennium;
AIAA 34th Aerospace Scicnccs Meeting and
Exhibit, 1996 January Rcno, NV, Paper #lAIAA
96-0700.

Scrccl, J., and Hanks, B.; 1996 January 17:
Modular Multt~unctional  Sys[enrs  -- Breakthrough
in Lo w-Cost, Lightweight and Large Aperture
Systems for the 21st Century; AiAA 34th
Aerospace Scicnccs  Mczting  and Exhibit, 1996
January Rcno,  NV, Paper #fAiAA 96-0702.


